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ABSTRACT 

T h e o r e t i c a l  a n a l y s i s  and expe r imen ta l  resul ts  a r e  
g iven  f o r  a Doppler method f a c i l i t a t i n g  the  
assessment  of f l ow pa rame te r s ,  u s ing  a sound beam 
whose a x i s  is p e r p e n d i c u l a r  t o  t h e  f low.  The 
s i m p l i s t i c  Doppler e f f e c t  formula p r e d i c t s  z e r o  
frequency s h i f t s  f o r  t h i s  geometry.  However t h e  
p r e s e n t  c o n f i g u r a t i o n  of a f i n i t e  a p e r t u r e  and 
focused beam c o n t a l n s  o b l i q u e  r a y s  which p rov ide  
t h e  d e t e c t i b l e  Doppler s i g n a l s ,  i n  s p i t e  of t h e  
f a c t  t h a t  t h e  f l o w  is t r a n s v e r s e  wi th  r e s p e c t  t o  
t h e  a x i s .  Using pulsed U l t r a s o n i c  Doppler ,  w i th  
a t r a n s d u c e r  having a c i r c u l a r  a p e r t u r e ,  i n - v i t r o  
f low measurements have been performed, which com- 
pa re  w e l l  w i t h  r e s u l t s  of c l a s s i c a l  t echn iques ,  
and are a l s o  i n  agreement w i t h  t h e  p r e s e n t  theo- 
re t ica l  a n a l y s i s .  

I. I n t r o d u c t i o n  

The w e l l  known Doppler formula 

f d  = (2V/x) COS e (1) 

s t a t e s  t h a t  a p l a n e  wave of  wavelength A, inson- 
i f y i n g  a p a r t i c l e  f low of v e l o c i t y  v ,  moving a t  
an ang le  w i t h  r e s p e c t  t o  t h e  p ropaga t ion  v e c t o r ,  
w i l l  be r e f l e c t e d  w i t h  a Doppler f r equency  s h i f t  
f d  [ I ] .  Th i s  i m p l i e s  t h a t  f o r  B=n/2 i . e . ,  a f low 
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flow t r a n s v e r s e  t o  t h e  wave d i r e c t i o n  of  propaga- 
t i o n ,  fd=O. However, i t  h a s  been r e c e n t l y  shown, 
[l], t h a t  t h e  o b l i q u e  r a y s  i n  a focused beam 
produce a n o t i c e a b l e  broadening of the Doppler 
spectrum, even when t h e  f l o w  d i r e c t i o n  i s  normal 
t o  t h e  beam a x i s .  P r e s e n t l y  i t  i s  demonstrated 
t h a t  t h e  e f f e c t  is s u f f i c i e n t l y  l a r g e  t o  be mea- 
su red  by c u r r e n t  medical  imaging equipment,  and 
can be used to probe f lows,  even i f  t h e s e  are 
normal t o  t h e  beam's a x i s .  T h i s  mode should be 
u s e f u l  i n  both medical  and i n d u s t r i a l  f low mea- 
surements  under c o n d i t i o n s  where o b l i q u e  o r i e n t a -  
t i o n  i s  i n a c c e s s i b l e .  

11. Theory 

I n  t h e  a c t u a l  experiment  121, 131,  a t r a n s d u c e r  
having a c i r c u l a r  a p e r t u r e  was used. The a n a l y s i s  
is however much s i m p l e r  i f  a two-dimensional con- 
f i g u r a t i o n  i s  t r e a t e d .  We t h e r e f o r e  begin by 
c o n s i d e r i n g  a ( t h e o r e t i c a l l y  i n f i n i t e l y  -) long 
s t r i p  t r a n s d u c e r ,  o r i e n t e d  along t h e  y-axis  and 
ex tend ing  from x=F,=-w/2 t o  x=F,=w/2. Consider  an 
element of width dg s i t u a t e d  a t  5. Th i s  is a l i n e  
sou rce  producing an a c o u s t i c a l  p r e s s u r e  dp a t  
l o c a t i o n  x , y , z ,  where z>>W, given by 

i k (  r - @ i n  e) - i  ut  
dp z Kdce ( 2 )  

where K is a p r o p o r t i o n a l i t y  f a c t o r .  f=o/2n i s  t h e  
f r equency ,  k=2n/X is t h e  p ropaga t ion  v e c t o r ,  r2= 
x&z2, and s i n 9 = x / r .  For  a t r a n s d u c e r  of uniform 
a p e r t u r e  K i s  independent  of 5, and t h e  p r e s s u r e  
is g iven  by 

w/2 ik r - iw t  W/2 
p ( r , e , t )  = dp = r e - ik5s ine  df.  

-w/2 f5 - i l l 2  

i k r - iw t  
( 3 )  

where s i n c  a = ( s i n a ) / a .  A converging l e n s  a d j a c e n t  
t o  t h e  t r a n s d u c e r  produces i n  t h e  f o c a l  p l ane  
s inB=x/F,  where F i s  t h e  f o c a l  l e n g t h .  See F i g .  
1. Hence f o r  r=F ( 3 )  becomes 

p ( x , t )  = K'sinc(yx)e- iot ,  y = k W/2F ( 4 )  

where K' is a new c o n s t a n t  abso rb ing  a l l  t h e  e x t r a  
f a c t o r s  in ( 3 ) .  
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Fig.  1: Geometry f o r  t h e  two-dimensional analy-  
s is  

We now c o n s i d e r  t h e  e f f e c t  of t h e  moving p a r t i -  
cles.  For  a r e c e n t  comprehensive review of  t h e  
theo ry  of Doppler u l t r a sound  sys t ems ,  see Azimi 
and Kak [ 4 ] .  For t h e  p r e s e n t  c o n f i g u r a t i o n  t h e  
combined e f f e c t  of p a r t i c l e s  i n  t h e  y - d i r e c t i o n ,  
a long  t h e  s t r i p  t r a n s d u c e r ,  is e q u i v a l e n t  t o  
having l i n e  scatterers o r i e n t e d  p a r a l l e l  t o  t h e  
t r a n s d u c e r .  The mathematical  d e t a i l s  j u s t i f y i n g  
t h i s  s t a t e m e n t  are n o t  given he re .  Each l i n e  
p a r t i c l e  scatters accord ing  t o  

i k  'K ' - i w ' t  ' 
e a/ Jr' (5) 

where a=a(w') is a frequency dependent c o e f f i -  
c i e n t ,  k ' ,  w '  depend on t h e  e x c i t a t i o n  and r '  is 
t h e  d i s t a n c e  from t h e  p a r t i c l e .  For p a r t i c l e s  
moving acco rd ing  t o  x-vt ,  t h e  e x c i t a t i o n  ( 4 )  be- 
comes t i m e  dependent 

i . e . ,  a r e c t a n g u l a r  p r o f i l e  spectrum w i t h i n  t h e  
l i m i t s  i n d i c a t e d  i n  ( 6 ) .  Combining (5) and ( 6 ) ,  
t h e  f i e l d  s c a t t e r e d  from a l i n e  p a r t i c l e  is  g iven  
by 

where t '  is t h e  r e t a r d e d  t i m e ,  c is  t h e  phase 
v e l o c i t y .  A t  t h e  t r a n s d u c e r ' s  p l a n e  r '  - F, and 
depending on t h e  a s p e c t  a n g l e ,  t h e r e  is a Doppler 
e f f e c t .  T h e r e f o r e ,  t h e  a c o u s t i c a l  p r e s s u r e  mea- 
s u r e d  a t  t h e  t r a n s d u c e r  is 

t '  = t-F/c (8) 

The second i n t e g r a l  i s  a l r e a d y  of o r d e r  v / c ,  hence 
in t h e  exponent w e  approximate w't 'S/Fc - wt'S/Fc 
and t h e  two i n t e g r a t i o n s  become independent ,  
f i n a l l y  y i e l d i n g  

pt = K"sinc2[ u t  ' ( ~ / c ) ( W / 2 F ) ] e - ~ ' ~  ' (9) 

where K" is y e t  ano the r  p r o p o r t i o n a l i t y  f a c t o r .  
By F o u r i e r  t r ans fo rming  ( 9 ) ,  i t  fo l lows  t h a t  t h e  
p r o f i l e  of t h e  s p e c t r u n  co r re spond ing  t o  pt i s  
t r i a n g u l a r ,  with a maximm at w and z e r o  a t  
w [ l  f (v/c)(W/F)] ,  where 2 w(v/c)(W/F) i s  t h e  ex- 
pec ted  Doppler f requency (1) produced and measured 
by t h e  t r a n s d u c e r ' s  edges.  The s c a t t e r i n g  by t h e  
ensemble of p a r t i c l e s  is  incohe ren t  and t h e r e f o r e  
t h e  s p e c t r a l  d e n s i t y  f u n c t i o n  p o s s e s s e s  t h e  same 
s t r u c t u r e .  The expe r imen ta l  r e s u l t s  below and 
( 9 )  are in good agreement ,  in s p i t e  of  t h e  pr imi-  
t i v e  model used i n  t h e  t h e o r e t i c a l  a n a l y s i s .  

The three-dimensional  a n a l y s i s  is  much more com- 
p l i c a t e d  and w i l l  be d i s c u s s e d  e l sewhere .  Essen- 
E s s e n t i a l l y  ( 5 ) ,  f o r  a c i r c u l a r  a p e r t u r e  of r a d i u s  

J l ( t k 9 ) / i k 9  , 9 = ( v 2 t 2  + y2)'12/F (10)  

Even i f  a l l  p a r t i c l e s  have t h e  same v,  t h e i r  
d i s t a n c e  from t h e  beam a x i s  y = 0 is d i f f e r e n t  
and t h e  ensu ing  i n t e g r a l s  a r e  complicated.  Qual i -  
t a t i v e  arguments i n d i c a t e  t h a t  t h e  e f f e c t  of  t h e  
three-dimensional  c o n f i g u r a t i o n  is  t o  f u r t h e r  peak 
t h e  spectrum n e a r  t h e  c e n t r a l  f requency 0 '  = W. 

L, ( 4 )  is r e p l a c e d  by 

111. Experimental  Procedures  

In o r d e r  t o  v e r i f y  t h e  theo ry ,  experiments  have 
been performed [ 3 ] ,  obse rv ing  a blood s i m u l a t i n g  
mix tu re ,  in con t inuous  flow through a p l a s t i c  
t u b e .  A s t a n d a r d  commercially a v a i l a b l e  u l t r a -  
s o n i c  med ica l  "Duplex" system has been used, 
which cou ld  s w i t c h  from imaging t o  Doppler f low 
measurements w i thou t  changing t r a n s d u c e r  p o s i t i o n .  
The Duplex i n s t r u m e n t a t i o n  c o n s i s t e d  of a Techni- 
care Auto S e c t o r  which had a b u i l t  in spectrum 
ana lyze r .  T h i s  w a s  ope ra t ed  with a mechanical  
r o t a t i n g  t r a n s d u c e r  assembly (probe model 8106D) 
c o n t a i n i n g  t h r e e  t r a n s d u c e r  e l emen t s ,  one of  them 
a Doppler o p t i m i z e r  s i n g l e  c r y s t a l  e lement .  Imag- 
i n g  w a s  performed wi th  7.5MHz, image op t imized  
s i n g l e  c r y s t a l  t r a n s d u c e r  e lements  i n  a r o t a t i n g  
assembly d e s i g n  f o r  real-time s e c t o r a l  imaging. 
Doppler s i g n a l s  were o b t a i n e d  i n  t h e  p u l s e  mode, 
u s ing  a r e p e t i t i o n  f r equency  of 15KHz. The Dop- 
p l e r  t r a n s d u c e r -  had a c r y s t a l  d i ame te r  of llmm 
and,  acco rd ing  t o  t h e  manufac tu re r ' s  s p e c i f i c a -  
t i o n s ,  a beam e n t r a n c e  d i ame te r  of 8.5mm. The 
c e n t e r  f requency of t h e  t r a n s d u c e r  was 4.55MHz, 
wi th  a p e r c e n t  bandwidtH of 20%, wi th  a range 
c e l l  of l m m  l e n g t h .  The f o c a l  d i s t a n c e  F of  t h e  
t r a n s d u c e r  w a s  22mm and a t  t h a t  l o c a t i o n  t h e  beam 
width w a s  1.7nnn, which c o n s t i t u t e s  t h e  l a t e r a l  
dimensions of t h e  range c e l l .  

The h igh  p a s s  f i l t e r  of t h e  spectrum a n a l y z e r  of 
t h e  Duplex system had a c u t o f f  f r equency  of 60Hz. 
T h i s  a n a l y z e r  had a 6OHz update  r a t e ,  t a k i n g  128 
samples f o r  b i d i r e c t i o n a l  a n a l y s i s  of t h e  Doppler 
s i g n a l s .  The Duplex system cou ld  p rov ide  d i s p l a y s  
of t h e  i n s t a n t a n e o u s  power s p e c t r a ,  t h a t  is ,  of  
t h e  frequency v e r s u s  t h e  squa re  r o o t  of t h e  
ampli tude.  
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F i g .  2: ( a )  t o p ,  and ( b )  bottom; r e l e v a n t  t o  
beam al ignment .  See t e x t .  

T y p i c a l  i n s t a n t a n e o u s  s p e c t r a  are shown i n  F i g .  2 
a ,  b ,  f o r  beam a n g l e s  of 90° ,  6 0 " ,  r e s p e c t i v e l y ,  
r e l a t i v e  t o  t h e  f low d i r e c t i o n .  Note t h e  upper 
l e f t  hand p o r t i o n  of t h e s e  p i c t u r e s ,  d i s p l a y i n g  
a B-mode image of t h e  f low tube ,  w i t h  t h e  d i r e c -  
t i o n  of t h e  sound beam i n d i c a t e d  by a l i n e .  These 
images were used t o  o r i e n t  t h e  t r a n s d u c e r  beam a t  
r i g h t  a n g l e s  t o  t h e  tube  w a l l ,  and t h u s  a l s o  t o  
t h e  f low.  Di sp lays  of spectrum frequency v e r s u s  
t ime,  w i th  t h e  ampli tude r e p r e s e n t e d  by a g r e y  
s c a l e ,  are shown a t  t h e  bottom o f  t h e s e  two p ic -  
t u r e s .  The spectrum a n a l y z e r  w a s  a l s o  used t o  
compute t h e  t ime average ove r  s e v e r a l  s econds ,  of  
t h e  peak frequency of con t inuous  f low s p e c t r a ,  
d e f i n e d  as t h e  f r equency  which i n c l u d e s  95% of 
t h e  s i g n a l  power. Th i s  f requency w a s  used t o  
e s t i m a t e  f low v e l o c i t y  i n  t h e  range c e l l ,  € o r  
normal o r i e n t a t i o n  of t h e  beam wi th  r e s p e c t  t o  
t h e  f low.  The system cou ld  a l s o  compute and d i s -  
p l a y  peak f r e q u e n c i e s  of i n s t a n t a n e o u s  s p e c t r a .  
Th i s  mode w a s  used t o  d i s p l a y  p u l s a t i l e  f low 
v e l o c i t i e s  i n  t h e  t r a n s v e r s e  d i r e c t i o n  r e l a t i v e  
t o  t h e  beam. 

The power s p e c t r a  p r e s e n t e d  by t h e  in s t rumen t  are 
i n s t a n t a n e o u s ,  i . e . ,  d e r i v e d  f o r  a s h o r t  d u r a t i o n  

a t  v a r i o u s  t i m e  i n s t a n c e s .  These s p e c t r a  va ry  
from one i n t e r v a l  t o  t h e  n e x t ,  and,  i n  o r d e r  t o  
convey t h e  i n t e r e s t i n g  in fo rma t ion ,  should be 
smoothed o u t  by t i m e  ave rag ing .  Th i s  has  been 
accomplished i n  a s imple  manner by m u l t i p l e  
exposure  of many e v e n t s  on one f i l m  frame. The 
a d d i t i v e  s u p e r p o s i t i o n  thus  enhanced t h e  p o i n t s  
on t h e  frame which were common t o  many s p e c t r a .  
S t r i c t l y  speak ing ,  t h i s  is n o t  a l i n e a r  ave rag ing  
p r o c e s s ,  however, i t  enab led  us t o  see t h e  ave rage  
spectrum, as w e l l  as t h e  a s s o c i a t e d  v a r i a t i o n s .  
Examples are shown i n  F i g .  3 .  

FREQ FREQ FREQ 

(a) (b) ( C )  

Fig .  3:  Averaged spectrum f o r  ( a )  25 cm/sec,  
( b )  40 cm/sec and ( c )  67 cm/sec. 

The f low model p r e p a r a t i o n  c o n s i s t e d  of a p l a s t i c  
t ank  c o n t a i n i n g  t w o  types  of t ubes ,  one made of  
semi-r igid p l a s t i c  w i th  an i n t e r n a l  d i ame te r  of 
7.9mm. a c r o s s - s e c t i o n a l  a r e a  of  0.49cm and 1 . 5 m  
long.  This w a s  connected t o  a p l a s t i c  r e s e r v o i r  
c o n t a i n i n g  3 l i t r e s  of  a blood s i m u l a t i n g  mix tu re  
of water and g l y c e r o l ,  seeded w i t h  chromatography 
c e l l u l o s e  powder. The o t h e r  t ube  w a s  of l a t e x  
wi th  same i n t e r n a l  d i ame te r  and l e n g t h .  The two 
t u b e s  were i n s e r t e d  i n t o  the  t ank  pa ra l l e l  t o  
each o t h e r ,  t o  ease t h e  r econnec t ion  of t u b e s  when 
i n t e r c h a n g i n g  tubes .  Flow passed through e i t h e r  
t ube  from an upper t o  a lower r e s e r v o i r ,  w i th  a 
pump be ing  used t o  r e t u r n  t h e  f l u i d  t o  t h e  upper 
r e s e r v o i r ,  t h u s  m a i n t a i n i n g  a c o n s t a n t  f l u i d  l e v e l  
i n  t h e  top  r e s e r v o i r .  For con t inuous  f low,  t h e  
f low rate  was r e g u l a t e d  by changing t h e  h e i g h t  of 
t h e  top r e s e r v o i r .  Timed volume measurements 
were performed, i n  o r d e r  t o  c a l i b r a t e  t h e  f low 
rate  as a f u n c t i o n  of h e i g h t  of  t h e  t o p  r e s e r v o i r .  
From t h i s  t h e  ave rage  v e l o c i t y  has  been computed. 
For  p u l s a t i l e  f low expe r imen t s ,  a Harvard I n s t r u -  
ments pump was connected between t h e  t o p  r e s e r v o i r  
and t h e  water t ank .  T h i s  pump o p e r a t e d  i n  a pul- 
s a t i l e  p a t t e r n ,  g e n e r a t i n g  waveforms s imi la r  t o  
those  observed i n  t h e  human body. The ave rage  
f low rate  and v e l o c i t y  have been d e r i v e d  as f o r  
t h e  con t inuous  flow. 

I V .  Experimental  R e s u l t s  

Experiments  were performed i n  o r d e r  t o  i n v e s t i g a t e  
t h e  f e a s i b i l i t y  of u s ing  t h e  t r a n s v e r s e  f low t ech -  
n ique  f o r  measuring con t inuous  and p u l s a t i l e  f l ows  
and t o  v e r i f y ,  as f a r  as p o s s i b l e ,  t h e  t h e o r e t i c a l  
p r e d i c t i o n s .  It has  been shown above t h a t  f o r  an 
i n f i n i t e  s t r i p  t r a n s d u c e r  t h e  expec ted  shape  f o r  
t h e  s p e c t r a l  d e n s i t y  f u n c t i o n  i s  t r i a n g u l a r ,  and 
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t h e  Doppler s h i f t s  are f w(v/c)(W/F). The photo- 
g r a p h i c a l l y  averaged s p e c t r a  shown i n  F ig .  3 f o r  
s e v e r a l  v a l u e s  of  t h e  v e l o c i t y  a r e  i n  good agree-  
ment w i t h  t h e  p r e d i c t e d  shape and t h e  Doppler 
f r equency  s h i f t s .  Moreover, they a r e  a l i t t l e  
cusped,  i . e . ,  t h e  c e n t r a l  f requency is peaked 
above t h e  v a l u e  expec ted  f o r  a t r i a n g u l a r  shape.  
We b e l i e v e  t h a t  t h i s  is  due t o  t h e  three-dimen- 
s i o n a l  c o n f i g u r a t i o n ,  namely t h e  f a c t  t h a t  (10) 
h a s  t o  be averaged w i t h  r e s p e c t  t o  y.  We have a 
q u a l i t a t i v e  argument which e x p l a i n s  t h i s  fac t .  A 
more complete d i s c u s s i o n ,  based on numer i ca l  c a l -  
c u l a t i o n s  w i l l  be g iven  elsewhere.  

F i n a l l y ,  a t es t  of t he  v a l i d i t y  of t h e  Doppler 
s h i f t s  ? w(v/c)(W/F) f o r  computing v e l o c i t i e s  f o r  
been f a c i l i t a t e d  by comparing r e s u l t s  t o  t h e  ve- 
l o c i t i e s  computed from timed volume measurements 
The r e s u l t s  are shown i n  Fig.  4.  The agreement 
is very  r easonab le  c o n s i d e r i n g  t h e  f a c t s  t h a t  t h e  
Doppler s h i f t s  above have been deduced us ing  t h e  
two dimensional  i n f i n i t e  s t r i p  model, and t h a t  
t h e  real f low is a P o i s e u i l l e  ( p a r a b o l i c )  f low. 
I n  f a c t ,  bo th  t h e  e r r o r s  and t h e  v a r i a n c e  of t h e  
d a t a  are w i t h i n  t h e  l imi t s  of t h o s e  found when 
t h e  same ins t rumen t  is used t o  perform o b l i q u e  
a n g l e  Doppler measurements. 

When moderate  p u l s a t i l e  f low v e l o c i t i e s  were mea- 
s u r e d ,  u s ing  t h e  t r a n s v e r s e  method, i t  was found 
t h a t  t h e  Techn ica re  system cou ld  on ly  d i s p l a y  t h e  
waveform d u r i n g  s y s t o l e ,  s i n c e  t h e  Doppler s h i f t s  
produced d u r i n g  d i a s t o l e  were too  l o w  €or t h e  
system t o  p r o c e s s  and d i s p l a y .  Presumably,  t h i s  
was due t o  t h e  h i g h  pass  f i l t e r  c u t o f f  o c c u r r i n g  
a t  60Hz. 

cm/sec vd 

150 ! 

Fig.  4:  Comparison of t imed volume experiments  
d e r i v e d  v e l o c i t y  v t ,  compared t o  t h e  
Doppler d e r i v e d  v e l o c i t y  Vd. 

V.  Conclusions 

Using commercially a v a i l a b l e  Duplex system and 
t r a n s d u c e r s ,  i t  has  been demonstrated t h a t  Doppler 
measurements of s t a n d a r d  accu racy  can be  made f o r  
con t inuous  f low,  and f o r  p u l s a t i l e  f l ow a t  l ea s t  
d u r i n g  d i a s t o l e ,  using t h e  t r a n s v e r s e  Doppler 
method d e s c r i b e d  above. Accura t e  p u l s a t i l e  f low 
o b s e r v a t i o n s  d u r i n g  d i a s t o l e  a r e  expec ted  i n  Dop- 
p l e r  systems w i t h  an up - sh i f t ed  o u t p u t  f r equency .  
The l a t t e r  do n o t  have t h e  problems encountered 
wi th  t h e  p r e s e n t  equipment.  T h e o r e t i c a l  a n a l y s i s  
of a s i m p l i f i e d  two d imens iona l  model p r e d i c t e d  a 
t r i a n g u l a r l y  shaped spectrum. T h i s  has  been found 
t o  be i n  r easonab le  agreement w i t h  t h e  e x p e r i -  
mental  r e s u l t s .  It is b e l i e v e d  t h a t  numer i ca l  
computat ions based on a three-dimensional  model 
w i l l  y i e l d  even b e t t e r  agreement.  
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